IDC in soybean has been improved through conventional breeding approaches (Cianzio, 1991 Voss, 1994; Hintz et al., 1987) , IDC-resistant lines may tance to iron-deficiency chlorosis (IDC) using conventional breeding have lower yield potential than IDC-susceptible cultiapproaches; however, many IDC-resistant cultivars have lower yields vars (Fehr, 1982vars (Fehr, , 1983 , 1997, 2000a). The mapping populations used by Lin et al. (1997 Lin et al. ( , 2000a were developed by using highly IDC-susceptible genotypes crossed to highly IDC-resistant genotypes.
of the lines were homozygous for the resistant allele at the Satt481
Instead, they proposed use of SSR markers due to high locus. Our results indicated that Satt481 may be useful to improve occurrence of polymorphisms and the availability of IDC resistance in this soybean population and that additional QTLs large number of SSR markers in the public domain.
conferring resistance to IDC might exist in soybean.
The mapping populations used by Lin et al. (1997 Lin et al. ( , 2000a were developed by using highly IDC-susceptible genotypes crossed to highly IDC-resistant genotypes.
I ron-deficiency chlorosis of soybean may occur when However, there is no information about the associations certain cultivars are grown on calcareous soils (Froeh- of QTLs and IDC resistance in actual breeding populalich Niebur and Fehr, 1981) . The cultitions, namely when the parents used in the cross possess vars, unable to acquire and utilize iron efficiently, may a number of desirable agronomic traits along with moddevelop foliar chlorosis, leading to yield loss (Froehlich erate IDC resistance. To simulate a practical breeding proand Niebur and Fehr, 1981) . Calcareous soils gram, a population was developed as described above, in the USA are found mainly in the Midwestern portion using parents with intermediate IDC scores and a numof the country, especially Iowa, Minnesota, Nebraska, ber of desirable agronomic traits, to examine the associand South and North Dakota (Franzen and Richardson, ation between QTLs and IDC using SSR markers. Pre-2000; Froehlich and Fehr, 1981; Inskeep and Bloom, liminary results from this population, using 1-yr data, 1984; Penas and Wiese, 1990) . indicated a possible association between Satt481 and The best method of preventing IDC is to plant IDC-IDC resistance (Charlson et al., 2003) . On this basis, our resistant cultivars (Fehr, 1982 (annealing), and 68ЊC for 60 s (extension). Touch-down cycles randomly assigned to a plot. Plots were 75-cm-long, single were immediately followed by 35 cycles of 94ЊC for 30 s (derows planted with 25 seeds at a rate of one seed per 3 cm. At naturation), 47ЊC for 30 s (annealing), and 68ЊC for 30 s (exteneach location, plots were organized in a randomized complete sion), and followed with 68ЊC for 300 s. Amplification products block design with three replications.
MATERIALS AND METHODS
were separated by electrophoresis on 2.5% (w/v) agarose gels Evaluation of IDC resistance was conducted at the V4 stage incubated in buffer [40 mM Tris and 1 mM EDTA dissolved of growth (Fehr and Caviness, 1981) by visually rating foliar in 0.1% (v/v) glacial acetic acid] for 1.5 h at 180 V. Gels then chlorosis using a scale of 1.0 to 5.0 with 0.5 increments, where were incubated in 0.0001% (w/v) ethidium bromide for 20 1.0 represented no yellowing of the leaves and 5.0 indicated min before visualization of amplification products with ultrasevere yellowing with necrosis and plant death (Cianzio et al., violet light. 1979) . Each plot was given a chlorosis score on the basis of the Markers with observable differences in the molecular weight average amount of chlorosis observed for all plants in the plot.
of PCR products (i.e., alleles) between P9254 and A97-770012 Analyses of variance were conducted with all main and interwere used to genotype the F 2 lines using the procedure described action effects considered random. If an ANOVA indicated that for parental genotypes. For each SSR marker, each individual significant (P Յ 0.05) differences existed among F 2 -derived lines, transgressive segregation was tested with Student's t test F 2 line was classified into one of three genotypic classes: homo-(␣ ϭ 0.05) by comparing means of the most-and least-resistant zygous for P9254 allele (AA), heterozygous for both parental F 2 -derived lines to the means of each parent. Differences bealleles (AB), or homozygous for A97-770012 allele (BB). For tween parental means also were tested with the Student's t each marker, the occurrence of Mendelian segregation of altest (␣ ϭ 0.05). Broad-sense heritabilities (H b 2 ) were estimated leles (1 AA:2 AB:1 BB) within the F 2 lines was tested using from expected mean squares (Fehr, 1987) .
the chi-square test. Markers deviating from the expected allele To identify lines with superior IDC resistance, a selectionsegregation ratio (P Յ 0.01) were eliminated from the analysis. threshold value was determined by first ranking the 145 F 2 -Since all polymorphic markers identified in our study were derived lines on the basis of mean chlorosis scores at each loassociated with previously reported IDC QTLs, data from these cation and combined over locations. The mean chlorosis score markers were combined for analysis. Significant (P Յ 0.05) asof the tenth-most resistant F 2 -derived line was used as a selecsociations of genotypic classes with mean chlorosis score was tion-threshold value. Subsequently, F 2 -derived lines with mean determined with Type III (Partial) sums of squares in multiplechlorosis scores equal to or less than the selection-threshold locus ANOVAs to identify SSR markers genetically linked value were considered to possess superior IDC resistance.
with chlorosis expression. This approach gives the unique contribution for each marker after the correlated effects of the
Molecular Marker Evaluation
other markers are removed and this statistical approach reduces the rate of false positives relative to single-locus ANOVA For each parent and F 2 line, leaf samples from 10 to 15 plants (Snedecor and Cochran, 1989; Steel et al., 1997) . Coefficients were harvested at the V4 stage of growth (Fehr and Caviness, of determination (R 2 ) were reported for each marker signifi-1981). Using a method adapted from Saghai-Maroof et al.
cantly (P Յ 0.05) associated with chlorosis scores. For mean (1984) , DNA was extracted from macerated, freeze-dried leaf analysis, mean chlorosis score of selected F 2 -derived lines was tissue with extraction buffer [1% (w/v) CTAB (cetyltrimethylcompared with the overall mean of the 145 F 2 -derived lines ammonium bromide), 50 mM Tris (2,3-Dibromo-1-propanol phosphate), 50 mM EDTA (ethylenediamine tetra-acetic acid), using Dunnett's test (␣ ϭ 0.05). 
Satt181 P
In the overall analysis of chlorosis scores of the F 2 -Satt317 P derived lines, there were no significant differences be-
Satt434 -MLG I
Satt239 -tween locations and among years (Table 2) . However,
Satt496 -
the location ϫ year interaction was significant (P Յ scores of the each parent were significantly (␣ ϭ 0.05) tween P9254 and A97-770012. All markers except one (Satt288) followed Mendelian segregation. Multiple-locus different from the most-IDC susceptible line in the pop-ANOVA indicated significant (P Յ 0.05) F values for ulation at Ames, Humboldt, and overall (analysis not Ames (1.48), Humboldt (1.59), and overall data (1.78). shown). In contrast, the parents were not different from Of the 23 markers, only three were significantly (P Յ the most-IDC resistant line at Humboldt or overall, ex-0.05) associated with chlorosis scores using Ames, Humcept at Ames, where both parents differed (␣ ϭ 0.05) boldt, or overall data. The significant markers were Satt in mean chlorosis score with the most IDC-resistant line 211 (MLG A1), Satt481 (MLG L), and Sat_104 (MLG I) (analysis not shown).
Satt354 -

0.01), suggesting that environment is important in chlo-
( Table 4 ). Significant (P Յ 0.05) R 2 values for the three Estimated H b 2 for chlorosis scores was 63.6% for the markers ranged from 3.9 to 11.5%, with the greatest R 2 overall data, similar to 62.3% at Ames and 62.1% at Humvalue for Satt481. boldt. Because of significant differences among means For Satt211, mean chlorosis scores for genotypic classes of the F 2 -derived lines according to ANOVA, selection were significantly (P Յ 0.05) different only for Humboldt, of lines for IDC resistance and molecular marker analywhere lines homozygous for P9254 allele (AA) showed sis was done using the means of each location and overall the greatest IDC resistance (Table 4) . For Satt481, the data. Although there were no significant differences degreatest IDC resistance was observed in lines homozytected for location with the overall means, the individual gous for the A97-770012 allele (BB) at both locations location was still used to examine the consistency of perand with the overall data. For Sat_104, the heterozygous formance across locations, which is an important consid-(AB) genotype demonstrated the greatest IDC resiseration in actual breeding programs. tance in the overall mean. However, lines homozygous Selection-threshold values were 1.50 at Ames, 1.89 at for the A97-770012 allele (BB) and heterozygous (AB) Humboldt, and 1.72 for overall data (Table 3) . Thirteen as Sat_104 demonstrated the same chlorosis scores at lines at Ames, 14 at Humboldt, and 11 lines overall exHumboldt. In a practical breeding situation, only the pressed chlorosis scores equal to or less than the corhomozygotic state of Sat_104 would be useful in a selfresponding selection-thresholds. There were three lines pollinated and highly, genetically homozygous crop such (060, 095, and 130) identified as possessing superior IDC as soybean. resistance at both locations and overall (Table 3) . Only
The mean chlorosis scores of lines selected with indifive lines at Ames and three at Humboldt were selected vidual markers were compared with the mean of the as having superior IDC resistance using the overall mean 145 F 2 -derived lines within location and overall data at each location.
( Table 5 ). Although selection of lines homozygous for the resistant allele at Satt211 and Sat_104 had no effect
Molecular Marker Evaluation
on population means, F 2 -derived lines chosen with Satt 481 alone demonstrated a significantly lower (␣ ϭ 0.05) Of the 108 SSR markers genetically linked to premean score of 0.11 to 0.14 units relative to the mean of viously identified QTLs for IDC resistance , 24 markers (22.2%) were polymorphic bethe entire population of F 2 -derived lines. polymorphic, only three were associated with IDC resisIn addition, when the distribution of chlorosis score tance. Of the three, Satt481 was the only marker conmeans of F 2 -derived lines was compared between the sistently associated with resistance in an environmentunselected population and the population of lines homoindependent nature, despite the fact that Satt481 only zygous resistant for Satt481 (BB) (Fig. 1) , there was explained about 12% of the total variation of IDC. a slight shift in the frequency of lines with superior When selections were done using Satt481, the mean of resistance. For instance, for the overall means there selected lines slightly improved relative to the unsewas an 18-percentile increase in the number of lines, lected population. For this marker to be useful in breedwith chlorosis score means between 1.4 and 1.9 as a ing for IDC resistance, additional markers associated result of selection with Satt481. Similar results were with resistance, combined with Satt481, may be required observed at individual locations. Furthermore, at both or phenotypic selection also would be needed. locations, unselected and selected lines using Satt481
Our study reflects the complex genetics of IDC resisdemonstrated normal distributions in the frequency of tance. Two genetic mechanisms for IDC resistance have chlorosis score means.
been previously identified in soybean: a major gene with modifier genes and classical polygenic inheritance (Lin DISCUSSION et al., 1997) . In our population, the normal distribution in chlorosis scores observed in the F 2 -derived lines sugOur objective was to determine whether SSR markers gested polygenic inheritance of IDC resistance, which may located in QTLs for IDC previously identified in other explain why major QTLs for resistance were not identipopulations would be associated with resistance in a fied in the study. breeding population. We examined 108 SSR markers Another likely explanation for identifying only one usespanning eight QTLs for IDC resistance. Of the 24 markful marker is that the desirable resistance alleles, espeers for which parents of the breeding population were lation in Puerto Rico at the Iowa State University Soybean cially genes contributing major effects to phenotypic Breeding Research site. expression, could have become fixed in germplasm as breeders develop cultivars. Considering the parents used
